The cell cycle of the photosynthetic unicellular alga Euglena gracilis growing in phototrophic medium is regulated by light. To investigate the relationship of this cell cycle response to light stimulated photosynthesis, we have tested the effect of the photosynthesis inhibitor 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) on Euglena cell cycle transit. While DCMU does not block light stimulated cells from entering the S phase of the cell cycle, it does inhibit the transit through G2/M. Triazine herbicides such as DCMU and atrazine have been shown to interrupt photosynthetic electron transfer at the PSII reaction center (6). The specificity of this inhibitor for photosynthesis has been demonstrated both biochemically as well as genetically. Binding studies using labeled atrazine have shown that the herbicides bind specifically to the DI polypeptide of the reaction center core complex (16). Furthermore, a mutant strain of Euglena has been isolated that is resistant to the effects of DCMU on its photosynthetic apparatus (12).
it does inhibit the transit through G2/M. The specificity of this response and its relationship to photosynthesis was studied by looking at the effect of DCMU on dark grown wild-type cells, and on two bleached variants of Euglena (W3BUL and WjoBSmL) that lack chloroplasts. The drug does block G2/M in these cells, but not entrance into the cell cycle. Our studies show that entrance of cells into the cell cycle from a quiescent state does not require active photosynthesis, and that DCMU has effects on G2/M transit that are independent of the photosynthetic capacity of the cells.
Photosynthetic algae have long been studied as model systems for cell division because of the ease with which the cells can be synchronized to a light-dark program. Previous workers (1) (2) (3) (4) 22) have shown that a population ofphototrophically grown algae can be entrained to divide at a specific time during a light/dark cycle, and that the synchrony of cell division is maintained when the culture is transferred to continuous light. We (6) . The specificity of this inhibitor for photosynthesis has been demonstrated both biochemically as well as genetically. Binding studies using labeled atrazine have shown that the herbicides bind specifically to the DI polypeptide of the reaction center core complex (16) . Furthermore, a mutant strain of Euglena has been isolated that is resistant to the effects of DCMU on its photosynthetic apparatus (12) .
The psbA gene encoding the DI protein has been sequenced from this strain (1 1), and has been shown to contain the same single base change found in the DCMU-resistant Chlamydomonas reinhardtii strain DCMU4 (6) . The existence of these DCMU-resistant strains of algae and the studies associating resistance to a mutation in a component ofthe photosynthetic reaction center suggested that DCMU's effect on the cell cycle in DCMU-sensitive strains was directly attributable to its effect on photosynthetic electron transport. DCMU has, however, been shown to have many effects on cell metabolism aside from photosynthetic electron transport. Growth of Euglena in phototrophic medium in the presence of DCMU results in a reduction in the number ofchloroplasts per cell and structural changes in the remaining chloroplasts (21) . Addition of DCMU to dark-grown resting Euglena exposed to light results in a decrease in ribulose bisphosphate carboxylase (RuBisco) activity (17) . Removal of DCMU results in an increase in RuBisco activity even when chloroplast or cytoplasmic translation is inhibited. DCMU also partially inhibits the accumulation ofseveral chloroplast-encoded polypeptides in Euglena including the large subunit of RuBisco (13) . The effects of DCMU on nuclear functions has not been well documented.
We have found that DCMU at concentrations in the medium used to inhibit photosynthesis causes a decrease in the rate of transit through G2/M, but does not alter the efficiency with which light induced cells to enter the S phase of the cell cycle from Go. (23) . Dark-grown Euglena were obtained by inoculating cells from a light-grown, phototrophic culture into organotrophic medium and allowing the culture to grow 10 d in a foil-wrapped flask. Two bleached strains of E. gracillis var bacillaris, W3BUL and W3BSmL, were obtained from Prof. Jerome Schiff, Brandeis University.
Samples were prepared and analyzed on the flow cytometer by pelleting at 8000 rpm in an SM24 rotor (Sorvall) for 5 min, followed by two washes in 5 mL of 70% EtOH, then digestion with 0.1 mg/mL of heat-treated RNAse A (Sigma) in 2 mL of Saline GM at 37°C for 1 h (Saline GM is 0.27 M NaCl, 11 mm KCl, 1 mm Na2HPO4, 2mM KH2PO4, pH 7.5). Cells were then repelleted and DNA was stained for at least 15 min with 2 mL of propidium iodide (Calbiochem) (50 ,ug/ mL) in Saline GM before analysis by flow cytometry. The propidium iodide was excited with 488 nm light, and fluorescence intensity per cell at greater than 620 nm was measured. Cells were analyzed in a FMF-77-100 flow cell (Research Developments) in a flow cytometer constructed as previously described (7, 9 Figure 1 indicates that the control cells not treated with DCMU completed S phase, G2/M, and returned to G,. Addition of DCMU at 6 h after inoculation caused cells to accumulate in the premitosis (G2/M) phase (Fig. 1, bottom) cycle by mechansims independent of photosynthesis. However, the DCMU effect on passage through G2/M may still be related to photosynthetic capacity.
DCMU Blocks Nonphotosynthesizing Cells
To see if DCMU blocked G2/M by inhibiting photosynthesis, we tested its effects on cells placed in the dark. Lightgrown, wild-type cells were inoculated into duplicate flasks of organotrophic medium and placed in the dark. DCMU was added to one flask 6 h after inoculation, and samples were collected at different times for FCM. The percentage of cells from each histogram that was in G2/M was calculated and plotted against time after inoculation (Fig. 2) . Comparison of DCMU-treated and control cultures shows passage through G2/M is again retarded by DCMU. Whereas, the control population had a maximum in G2/M at 10 h after inoculation and dropped after that as cells re-entered GI, the DCMU treated cells continued to accumulate in G2/M throughout the experiment. Thus, DCMU affects G2/M even when wildtype cells were not given light to allow photosynthesis.
We also carried out experiments using several cell types that lack active PSII. Two mutant strains ofEuglena, W3BUL, and W,oBSmL, (10) tids, but no longer have mature chloroplasts. Dark-grown, nongreen, wild-type cells were inoculated into duplicate flasks and allowed to grow for 6 h to begin DNA synthesis. Then DCMU was added to one flask and samples were collected for FCM (Fig. 5) . Comparison of the percentage of cells in G2/M shows that DNA synthesis is slower in the DCMUtreated culture, and the cells were again blocked in G2/M. The block is not complete, since cells begin exiting G2/M by the last timepoint in the DCMU-treated culture. Euglena mutant W3BUL were inoculated into duplicate flasks containing organotrophic medium. DCMU (10 AM) was added to one flask 2 h after inoculation. The histograms are as described in Figure 1 . WjoBSmL lacks any proplastid structures that are detectable by electron microscopy (15) . W3BUL contains a proplastid remnant that undergoes very limited development in light (14) . The G2/M block caused by DCMU in these two mutants indicates that the drug is acting on the cell cycle at a site that is unrelated to the chloroplast.
DISCUSSION

Effects of DCMU
DCMU inhibits at the respiratory chain of Cyt b in yeast mitochondria, eventually preventing growth on nonfermentable carbon sources (5) . Mutations that exhibit resistance to DCMU are readily isolated in Saccharomyces cerevisceae, and genetic analysis of these strains indicate that they are mitochondrial mutants (5) . It is possible that DCMU is acting in a similar manner in blocking Euglena at G2/M and this could account for the effect being seen in both photosynthetic and nonphotosynthetic cells. Although it is possible that the single mutation in the psbA gene that confers resistance to DCMU in the Dl protein is sufficient to overcome the block to G2/M and to photosynthesis, it seems more likely that DCMU resistant variants of Euglena, and presumably other photosynthetic organisms have at least two alterations. One mutation which has been mapped to the psbA gene (1 1) to allow photosynthesis in presence of DCMU, and a second adaptation necessary for G2/M transit.
